Circinus galaxy is a nearby composite starburst/AGN system. In this work we re-analyze the GeV emission of Circinus galaxy with 10 years of Fermi-LAT Pass 8 data. In the energy range of 1-500 GeV, the spectrum can be well fitted by a power-law model with a photon index of Γ=2.20 ± 0.14, and its photon flux is (5.90 ± 1.04) × 10 −10 photons cm −2 s −1 . Our 0.1-500 GeV flux is several times lower than that reported in the previous literature, which is roughly in compliance with the empirical relation for star-forming galaxies and local group galaxies. The ratio between the γ-ray luminosity and the total infrared luminosity of Circinus galaxy locates near the proton calorimetric limit, and the observed gamma-ray luminosity is well consistent with that estimated by the star formation rate, indicating that Circinus galaxy may be a proton calorimeter.
INTRODUCTION
The γ-ray sky provides the crucial information of the non-thermal Universe in the most extreme and violent forms. Since the Compton γ-ray Observatory era, blazars, an extreme subtype of Active Galactic Nuclei (AGNs; Urry & Padovani 1995) harboring well-aligned strong jets (Blandford & Rees 1978) , are known as the dominant population of extragalactic γ-ray sources (Hartman et al. 1999 ). Due to the relativistic effect, the jet emission is strongly amplified and highly variable (e.g., Ulrich et al. 1997) . The detection number of γ-ray blazars has been significantly increased by Large Area Telescope (LAT, Atwood et al. 2009 ) aboard Fermi space γ-ray telescope. Besides blazars, the AGNs with mis-aligned jets (MAGNs) have been found to be the gamma-ray emitters as well (e.g., Abdo et al. 2010a; Liao et al. 2015) . And the extended γ-ray emissions associated with the radio lobes of nearby radio galaxies have been also observed (Abdo et al. 2010b; Ackermann et al. 2016) .
Fermi-LAT has also discovered the γ-ray emission from nearby star-forming galaxies, such as M82 and NGC 253 (Abdo et al. 2010c ). The cosmic rays (CRs) accelerated by supernova remnants (SNRs; Ginzburg & Syrovatskii 1964) can generate γ-ray emission in several ways, including the π 0 decay produced by the inelastic collisions between CR nuclei and ambient gas, as well as inverse Compton scattering between CR electrons and interstellar radiation photons. Such paradigm applies to star-forming galaxies and the corresponding gamma-ray emission may be detectable (e.g., Voelk et al. 1989; Akyuz et al. 1991; Paglione et al. 1996; Lacki et al. 2010) . Meanwhile, synchrotron radiation from the electrons moving in interstellar magnetic fields contributes to the radio emission of star-forming galaxies (e.g., van der Kruit 1971 van der Kruit , 1973 . With the remarkable linear empirical correlation between radio continuum (RC) and IR emission luminosities which span over five orders of magnitude(e.g., de Jong et al. 1985; Helou et al. 1985; Condon 1992) , it is natural to have tight RC-γ and IR-γ correlations for the nearby star-forming galaxies (Ackermann et al. 2012a ). So far, there are four galaxies within the Local Group with γ-ray detections, including LMC (Abdo et al. 2010d) , SMC (Abdo et al. 2010e ), M31 (Abdo et al. 2010f ) and the Milky Way (Ackermann et al. 2012b) . The detections of the γ-ray emission from other star-forming galaxies, NGC 2146 (Tang et al. 2014) and Arp 220 (Griffin et al. 2016; Peng et al. 2016) , as well as two hybrid systems with both AGN and star-forming activities, NGC 1068 and NGC 4945 (Lenain et al. 2010) , have been claimed. Recent attempts aiming to increase the number of such sources yield negative results (e.g., Rojas-Bravo & Araya 2016). Among the thousands of extragalactic γ-ray emitters , star-forming galaxies tend to be less luminous than the jetted AGNs and a handful of known γ-ray star-forming galaxies would serve as important targets which shed light on the acceleration of CRs in extreme circumstances and its transport through the interstellar medium.
Circinus is a nearby (4.2 ± 0.7 Mpc; Tully et al. 2009 ) and almost edge-on (∼ 65 • ; Freeman et al. 1977 ) spiral galaxy. It is considered to be a prototype Seyfert II AGN (e.g., Oliva et al. 1994 Oliva et al. , 1998 and the nucleus is heavily obscured (e.g., Matt et al. 1999; Prieto et al. 2004 ). The circumnuclear star-forming ring (e.g., Marconi et al. 1994; Elmouttie et al. 1998a ) makes Circinus to be a composite starburst/AGN system. In addition, large bipolar edgebrightened radio lobes consisting of central plume features that are likely jet-driven have been detected (Elmouttie et al. 1998b) . The extended morphology is resolved in X-rays by Chandra (Mingo et al. 2012 ). In the γ-ray regime, Circinus was missed in the initial phase of Fermi-LAT operation (Nolan et al. 2012) since it is very close to the Galactic plane (b = −4
• ). Then it was claimed to be a γ-ray source by Hayashida et al. (2013) with the 4 years Fermi-LAT Pass 7 data. In fact, Circinus is the only 'normal' γ-ray Seyfert galaxy(i.e. not radio loud narrow line Seyfert Is; Abdo et al. 2009 ) listed in the third Fermi-LAT AGN catalog . In comparison to the γ-ray star-forming galaxies, Circinus seems to well deviate from their RC-γ and IR-γ correlations. Meanwhile, the AGN jet likely fails to give an acceptable description of the broadband spectral energy distribution of Circinus (Hayashida et al. 2013) . Motivated by its uniqueness and the mysterious origin of the γ-ray emission, in this work we revisit the γ-ray properties of Circinus by adopting 10 years of Fermi-LAT Pass 8 data.
The paper is organized as follows. In Section 2, we describe the data analysis routines and present our results. Then the discussions are given in Section 3. And Section 4 is a summary for this work. Considering that Circinus galaxy locates in the Galactic plane which has complicated diffuse γ-ray emission, the data with energies from 1 GeV to 500 GeV of "Source" type (evclass=128 & evtype=3) was chosen. And the region of interest (ROI) is a 10
• × 10
• box centered at the core position of Circinus galaxy (R.A. = 213.291
• , Decl. = −65.339 • ). We excluded the events with zenith angle greater than 90
• to reduce the contamination from the Earth Limb. In addition, the data was filtered with (DATA QUAL>0)&&(LAT CONFIG==1) as recommended to exclude the data with bad quality. During the analysis, the latest analysis software Fermitools 1 and the instrumental response function P8R3 SOURCE V2 were used. The diffuse Galactic and extragalactic γ-ray backgrounds were modeled by the new LAT background models gll iem v07.fits and iso P8R3 SOURCE V2 v1.txt 2 , respectively. Besides the new background models, the latest Fermi-LAT fourth source catalog (4FGL; Fermi-LAT collaboration 2019) was used to model all nearby sources. In the model, Circinus galaxy is associated with the point source 4FGL J1413.1-6519 and the spectrum of it is adopted to be a power-law type. During the fitting procedure, all 4FGL sources within the ROI region in the model and the two diffuse backgrounds were left free. And the binned maximum likelihood analysis method with gtlike was applied.
Results
During the data analysis, a point source, 4FGL J1415.4-6458, located only 0.429
• away from the core position of Circinus galaxy was noticed as shown in the top panels of Figure 1 . 4FGL J1415.4-6458 was not detected in Hayashida et al. (2013) , and such a difference could be due to the more than twice as much as exposure of our data and the improvements of Pass 8 data relative to Pass 7 data. After subtracting the emission from 4FGL J1415.4-6458, there is still significant excess on the position of Circinus galaxy (see the upper right panel of Figure 1 ). As can be seen in Figure 1 , 4FGL J1415.4-6458 does have influence on the emission of Circinus galaxy. In the 6
• × 6
• TS map above 1 GeV shown as the bottom left panel of Figure 1 , we found another two new point sources which were not included in the 4FGL catalog, which marked as New A and New B, respectively. Then, New A and New B were added in the model as point sources with power-law spectra, and we reperformed the analysis. The precise coordinates of Circinus galaxy, New A and New B are obtained by the gtfindsrc command, which are listed in Table  1 • , respectively. And New A and New B have little influence on Circinus galaxy above 1 GeV. However, they may have greater effect on Circinus galaxy in the lower energy analysis considering the point spread function (PSF). We searched for the possible counterparts of New A and New B using simbad 3 , but no plausible counterparts were found for them.
After adding New A and New B to the model, our analysis yields a TS value of 75 for Circinus galaxy, corresponding to a significance level of 7.94σ with 4 degrees of freedom. The TS value we calculated is only a little higher than that reported in Hayashida et al. (2013) , though the amount of our data set is 2.5 times of theirs. For Circinus galaxy, the best-fit photon index above 1 GeV is Γ=2.20 ± 0.14, and the integrated photon flux is (5.90 ± 1.04) × 10 −10 photons cm −2 s −1 . The photon indices of New A and New B are Γ=2.45 ± 0.30 and Γ=2.18 ± 0.22, and the integrated photon fluxes are (3.48 ± 1.05) × 10 −10 photons cm −2 s −1 and (2.99 ± 0.85) × 10 −10 photons cm −2 s −1 , respectively. To compare with the results of Hayashida et al. (2013) straightforwardly, we also carried out a global analysis using 10 years' Fermi-LAT data above 100 MeV within a 20
• ×20
• ROI, and New A and New B were also included in the modeling. And the analysis procedure is similar to that described above. After performing the likelihood analysis, the photon index of Γ = 2.05±0.10 is consistent with the result above 1 GeV considering the statistic error. The photon flux of (5.48 ± 1.84) × 10 −9 photons cm −2 s −1 and the corresponding γ-ray luminosity of L 0.1−100GeV = (1.14 ± 0.42) × 10 40 erg s −1 were obtained for Circinus galaxy. Our flux of Circinus galaxy is lower than the value given for 4FGL J1413.1-6519 in 4FGL, which may due to the identification of the two new point sources that are not included in 4FGL. The TS value of Circinus galaxy is 76 that is almost the same as the TS value computed with the data above 1 GeV. Considering that Circinus galaxy locates in the Galactic plane and the diffuse γ-ray backgrounds will be stronger in the lower energy band, such result is reasonable. The TS values of New A and New B are 31 and 39, respectively. Our γ-ray luminosity of Circinus galaxy above 100 MeV is less than the value in Hayashida et al. (2013) . Such results may be due to the detection of the new point sources around Circinus galaxy, the improvement of the data set (e.g. improved event reconstruction, better energy measurements, and significantly increased effective area) or more precise diffuse γ-ray backgrounds. In view of the absence of obvious increase of the TS value calculated with 10 years' data here when compared to that with 4 years data by Hayashida et al. (2013) , we attempt to explore the flux variability of Circinus galaxy. The 10 years data with energy bewteen 100 MeV and 500 GeV were grouped into 10 time bins equally. During the timing analysis procedure, all spectral indices of the sources included in the model were fixed to be the global fit values, and we repeated the likelihood analysis in each time bin. For the time bin whose TS value of Circinus galaxy is smaller than 9, a 95% upper limit was calculated. The light curve is shown in Figure 2 . And we also computed the variability as defined in Nolan et al. (2012) and had TS var = 16.6, corresponding to a 1.92 σ confidence level, which excluded the possibility of exiting significant variability for Circinus galaxy. However, we notice that the sum of TS values of the first five years is almost three times of that of the last five years. To study whether Circinus exists weak variability or not and reduce the contamination from nearby sources, we analyzed the data from 10 GeV to 500 GeV using unbinned maximum likelihood analysis method with a 5
• ROI. The whole 10 years data above 10 GeV were divided into two parts equally. The TS value of Circinus galaxy using the first five years data is 24.8 and the best-fit position is R.A. = 213.329
• , Decl. = −65.3134
• . The spectral index is Γ=2.45 ± 0.16, and the photon flux is (5.18 ± 2.26) × 10 −11 photons cm −2 s −1 . For the data of the last five years, the TS value of Circinus is 12.4, and optimal location is R.A. = 213.298
• , Decl. = −65.3596
• . We find a spectral index of Γ=1.87 ± 0.46 and a photon flux of (2.37 ± 1.37) × 10 −11 photons cm −2 s −1 . The TS map together with the error circles for the best-fit positions using the first and the last five years data are described in Figure 3 . Although the TS value and flux of Circinus galaxy in the first five year are nearly two times larger than that in the last five years, it is still insufficient to claim the variability due to the large statistic errors.
Spectral Analysis
To obtain the spectral energy distribution (SED) of Circinus, the data above 100 MeV were binned into six logequal energy bands. The likelihood analysis procedure is similar to that in the timing analysis. And for energy bin whose TS value of Circinus was smaller than 9, a 95% confidence level upper limit was calculated. The result of Fermi-LAT SED is plotted in Figure 4 . The flux for each bin is relatively smaller than that in Hayashida et al. (2013) , which may mainly attribute to the influence of the new nearby sources.
Spatial Extension and the Origin of Gamma-ray Emission
To test whether Circinus is an extended source in the GeV band and explore the origin of its γ-ray emission, we selected the Fermi-LAT data from August 4, 2008 to August 4, 2018 above 10 GeV within 5
• ROI, considering the smaller PSF and weaker Galactic diffuse γ-ray background. To study the spatial extension of Circinus, a point source Table 2 . The larger the radius of the uniform disk is, the smaller the TS value is. Therefore, a point source assumption is best for Circinus to describe its γ-ray emission.
Circinus galaxy has the radio lobes (Elmouttie et al. 1998b ) and meanwhile the emission from disk has been detected by the infrared observation. To probe where the γ-ray emissions of Circinus comes from, the different geometrical spatial templates were also tested. We masked the core region of the Herschel/PACS map at 160 µm and used it as the template to model the γ-ray emission from disk. A point source located at the west edge of the radio lobe (R.A. = 213.2135
• , Decl. = −65.325 • ) describes the lobe emission. And since our best-fit position is only 17.5 away from the core region, we used a simple point source centered at the best-fit position to stand for the core emission. The likelihood analysis were re-performed and the calculated TS values for different spatial templates are listed in Table 2 . There is no significant difference between the different geometrical models, and it is hards to pin down where the γ-ray emission comes from. However, from the point of view of the best-fit position and its 1 σ error circle of Circinus galaxy shown in Figure 5 , the core assumption may be favored. 
DISCUSSION
It has been widely suggested that the γ-ray emission (above 0.1 GeV) from star-forming galaxy is dominated by neutral pion decay resulting from the interaction between CRs and ISM (e.g. Torres 2004; Rephaeli et al. 2010; Lacki et al. 2011) . The CRs are primarily accelerated by SNRs, and the total CRs injected power is related to SN rate, the kinetic energy released by SN (E SN ) and the fraction of its kinetic energy transferred into CRs (η). The SN rate can be assumed to be a constant fraction of star formation rate (SFR), and the typical value of the kinetic energy released by SN is 10 51 erg. As suggested in Ackermann et al. (2012a) , the SFR can be well traced by the total infrared (8-1000 µm) luminosity that is an approximate calorimetric measure of radiation from young stars, and Kennicutt (1998) offered a conversion ratio,
The factor is a constant depending on the initial mass function (IMF). In this work, we take = 0.79 following Ackermann et al. (2012a) . In addition, the radio continuum luminosity at 1.4 GHz is also an estimator of SFR (Yun et al. 2001 ), Right ascension Declination Circinus Figure 5 . Herschel/PACS map at 160 µm. The magenta plus indicates the best-fit position with data above 10 GeV. And the magenta solid and dashed circles denote the 1 σ and 2 σ positional error circles, respectively.
For a proton calorimeter, the CR protons interact with ambient gas before they escape from the galaxy. As usual, the CR spectrum with a power law index of Γ p = 2.2 is assumed. For the calorimetric limit, the γ-ray luminosity has a linear scaling of the SFR,
Since the total IR luminosity of Circinus galaxy is 0.6×10 44 erg s −1 (Hayashida et al. 2013) , the SFR can be estimated to be ∼ 2.1M yr −1 using Equation (1). In calorimetric limit, the γ-ray luminosity is expected to be about 1.05 × 10 40 erg cm −2 s −1 according to Equation (3), which is almost the same as the observation value. Meanwhile, considering the absence of the significant variability over ten years of observation and the spatial consistent between the γ-ray emission and the core region including a starburst ring, the γ-ray emission of Circinus galaxy is more likely produced by the interaction between CRs and ISM rather than the AGN activity. Thus Circinus galaxy is probably a proton calorimeter.
As mentioned above, there is a connection between SFR and γ-ray luminosities, and Thompson et al. (2007) predicted a linear relationship between far-IR and γ-ray for the dense starbursts earlier. With the detection of γ-rays from star-forming systems, Ackermann et al. (2012a) established an empirical relation for star-forming galaxies and local group galaxies between the γ-ray (0.1-100 GeV) luminosity and the total infrared (8-1000 µm) luminosity. Hayashida et al. (2013) found out that the γ-ray luminosity of Circinus was well above the scaling relation. Since our γ-ray luminosity of Circinus is lower than that found before, the discrepancy is less. Now, we update such relation with also NGC 2146 (Tang et al. 2014) and Arp 220 (Peng et al. 2016) included. The scaling relation between γ-ray luminosity and total infrared luminosity is fitted by a power-law,
And a similar relation is to fit between γ-ray luminosity and radio continuum luminosity at 1.4 GHz,
The best-fit parameters are reported in Table 3 . Figure 6 . Top panel: the ratio between the γ-ray luminosity (0.1-100 GeV) and total infrared luminosity (8-1000 µm). The best-fit relation is plotted as the orange solid line and its 2 σ uncertainty is shown as shaded region. The red dashed line indicates the proton calorimeter limit. And the red and blue dots describe the ratio of Circinus computed in Hayashida et al. (2013) and this work. Bottom panel: the ratio between the γ-ray luminosity (0.1-100 GeV) and the radio continuum luminosity at 1.4 GHz. The infrared data are taken from Gao & Solomon (2004) . The γ-ray data are taken from Ackermann et al. (2012a) , Tang et al. (2014) , Peng et al. (2016) and Wojaczyński & Niedźwiecki (2017) . And the radio data are taken from Condon et al. (1990) , Wright & Otrupcek (1990) and Yun et al. (2001) . In Figure 6 , we present the ratio between γ-ray luminosity and total IR luminosity. In the case of a proton calorimeter, the ratios among γ-ray, total infrared and radio continuum luminosities can be estimated by Equations (1), (2) and (3). Circinus is basically in compliance with the relations, which is different from Hayashida et al. (2013) . Meanwhile, the fact that Circinus locates near the line of proton calorimetric limit provides additional evidence as to be a possible proton calorimeter. Besides, we note that all three Seyfert galaxies, including Circinus, NGC 1068 and NGC 4945, are close to or on the calorimeter limit line. Though this is a very attractive possibility, with the current limited data we can not rule out the possibility that the γ-ray emission from these Seyfert galaxies have been contaminated by the activity of their galaxy nucleus (Lenain et al. 2010; Eichmann & Becker Tjus 2016) .
In the very high energy (>100 GeV) band, starburst galaxies NGC 253 and M82 have been detected (Acero et al. 2009; Abdalla et al. 2018; Acciari et al. 2009) . As the Figure 4 shows, the extrapolation of the GeV spectrum of Circinus galaxy is above the differential sensitivity of Cherenkov Telescope Array (CTA-South Acharya et al. 2017) . Therefore, Circinus can be detected by CTA in the future. Due to the limited angular resolution of Fermi-LAT, it is difficult for us to confirm where the γ-ray emission of Circinus comes from. However, the angular resolution of CTA, approaching 1 arc-minute at high energies (Acharya et al. 2017) , is much better than Fermi-LAT. In the near future, CTA may pin down the origin of the γ-ray emission from Circinus.
SUMMARY
In this work, we revisit the Circinus galaxy region using 10 years of Pass 8 Fermi-LAT data. In the energy band from 1 GeV to 500 GeV, Circinus galaxy is detected at the significance level of 7.9 σ. The spectrum can be well described by a power-law with a photon index of Γ = 2.20±0.14, and the integrated photon flux is (5.90±1.04)×10 −10 photons cm −2 s −1 . The γ-ray luminosity of Circinus galaxy is L 0.1−100GeV = (1.14 ± 0.42) × 10 40 erg s −1 , which is several times lower than that found by Hayashida et al. (2013) . No significant variability is found through the timing analysis.
As a result of the significant decrease of luminosity, now the γ-ray emission is roughly in compliance with the empirical relation for star-forming galaxies and local group galaxies. Moreover, we speculate that Circinus is possibly a proton calorimeter for the following reasons. On one hand, the best-fit position of the γ-ray emission from Circinus locates in the core region of it which has a starburst ring. And the absence of significant variability of Circinus galaxy in γ-rays favors the emission from steady star-forming process instead of AGN activity. On the other hand, the γ-ray luminosity estimated by the SFR is almost the same to the value calculated with 10 years of Fermi-LAT data analysis. Meanwhile, the ratio between the γ-ray luminosity and the total IR luminosity of Circinus galaxy lies on the proton calorimetric limit. To explore the origin of γ-ray emission and identify whether Circinus galaxy is a proton calorimeter or not, the observation of CTA is expected in the future.
